based on new 3d-4f mixed-metal coordination topologies are formed via extensive intramolecular hydrogen bonding that is directed by enclosed water molecules. Compounds 1 and 2 show single-molecule magnet characteristics manifested by hysteresis loops up to 1.6 K (U eff = 8.3 cm −1 ) and 1 K (U eff = 3.4 cm −1 ), respectively.
be generated similarly in situ in the presence of uranium oxynitrate and 1,4-diazabicyclo-[2.2.2]octane. 13 In situ production of oxalato-bridged heterometallic compounds by crystallization at room temperature from solutions of 3d metal precursors, lanthanoid acetates and L-ascorbic acid is also known, 14 but it remains unclear if oxalates here originate from the decomposition of L-ascorbic acid, from the oxidation of acetate, or impurities 15 in the employed lanthanoid salts.
The isostructural compounds 1 and 2 crystallize in the trigonal space group P31c (Table S2 , ESI †). The C 3 -symmetric supramolecular {Ln⋯{H 2 O⊂Cr 3 Ln 6 }}⋯(H 2 O)⋯{{H 2 O⊂Cr 3 Ln 6 } ⋯ Ln} assemblies in these structures consist of two {Ln⋯ {H 2 O⊂Cr 3 Ln 6 }} aggregates sandwiching a central water molecule ( Fig. 1) . In one of the aggregates a [Ln(OAc) 3 (2); inter-triangle oxalate-bridged Ln⋯Ln pairs range from 6.25-6.28 Å (1) and 6.27-6.31 Å (2). The Ln 6 substructure is nearly flat, while the outer Cr sites are slightly displaced toward the equator of the entire assembly and each coordinates to one H 2 bda via its N and two OH sites, two carboxylates in an η 1 mode (OAc − or prop·SMe − ), and a glycolate O atom. The bridging OH groups of H 2 bda as well as the carboxylates and the glycolate ligands link the Cr to the Ln centers within the {CrLn 2 } triangles. One of the Ln III ions in {CrLn 2 } is eight-coordinated bearing the monodentate carboxylate ligand (OAc − or prop·SMe − ), the OH group of H 2 bda, two oxygens of oxalate, alcoholate and one carboxylic oxygen of glycolate, an O atom of μ 2 -bridging the Ln III center with Cr III carboxylate as well as an oxygen atom of the µ 2 ,η 1 :η 2 -acetate ligand connecting the two Ln III ions within the {CrLn 2 } triangle. The second Ln III center is nine-coordinated bearing the chelating acetate ligand instead of the monodentate carboxylate and coordinating two oxygens of the µ 2 ,η 1 :η 2 } rings is located exactly at the center of the {Cr 3 Ln 6 } rings and seems to template the ring formation through strong hydrogen bonds, with O acceptors of the surrounding glycolate and oxalate ligands (with a minimal O⋯O distance of 2.80(2) Å for both 1 and 2).
The two {H 2 O⊂Cr 3 Ln 6 } rings bind to the water bridge via hydrogen bonds to the O sites of proximal glycolate ligands (O⋯O: 2.80(2) Å for 1 and 2). Thus all three water molecules appear to act as templates, though with an average closest O⋯O distance between the three H 2 O molecules of 3.61 Å (1) 2), no direct hydrogen bonding within the {H 2 O} 3 substructure is possible. 16 The -CH 2 -S-Me moieties of prop·SMe − ligands in 1 and 2 are heavily disordered and in part cannot be fully located in single crystal X-ray analyses, despite the fact that several crystals have been measured for every compound. The situation is even more complicated due to the afore-mentioned disorder of prop·SMe − and OAc − groups on the {H 2 O⊂Cr 3 Ln 6 } rings. Therefore, the exact formulae determined by X-ray analyses (see the ESI †) differ from the disorder-corrected formulae used herein, in particular in a lower content of prop·SMe − . Nevertheless, the sulfur content of 4.3-4.6% determined by elemental analysis in compounds 1 and 2 clearly corresponds to nine to ten S atoms per formula unit. Additional evidence for exactly nine prop·SMe − ligands in 1 and 2 was found by negative-ion electrospray mass spectrometry. As exemplified by compound 2 containing isotopically pure 159 Tb, each {CrLn 2 } triangle bears one sulfur atom, as indicated by the 100% molecular ion peak assigned to [CrTb 2 (OAc) 3 ( prop·SMe)(H 2 bda)(glyc) 3 ] − (expt. 1062.989 Da, calcd 1063.007 Da; Fig. S3 , ESI †).
The unusual structural arrangement of the H-bonded and water-templated [{{Ln III }{H 2 O⊂Cr III 3 Ln III 6 }} 2 (H 2 O)] assemblies prompted us to investigate the magnetism of 1 and 2 by both direct current (dc) and alternating current (ac) magnetic susceptibility measurements down to 1.8 K and the low-temperature magnetization measured down to 30 mK using micro-SQUID magnetometry. For 1, the diamagnetism-corrected χ m T value of 190.45 cm 3 K mol −1 at 290 K is slightly below the range of 192.41-208.12 cm 3 K mol −1 expected 17 for six highspin Cr III and 14 Dy III non-interacting centers. This low value hints at the presence of small intramolecular antiferromagnetic exchange interactions. Upon decreasing T, χ m T gradually increases to a maximum at ca. 120 K, subsequently decreases to a minimum at ca. 20 K, and finally sharply increases to a maximum of 232.18 cm 3 K mol −1 at 2.2 K ( Fig. 2a ). While both increases indicate ferromagnetic exchange interactions, the decrease may be due to antiferromagnetic interactions and/or due to the thermal depopulation of the m J substates of the Dy III centers generated by the ligand field. Due to the observation of the low χ m T value at 290 K, the minimum and the maxima, the exchange interactions are potentially small and of comparable magnitude. The molar magnetization M m at 2.0 K is a linear function of the applied field B up to ca. 0.3 T, and is almost linear for 2-5 T characterized by a, however, distinct different slope reaching 70.8N A μ B at 5 T. This value is considerably below the saturation value of ca. 158N A μ B , and may be thus due to antiferromagnetic exchange interactions. However, since the curve is still rising at 5 T, and the states of the Dy III centers are usually mixed m J states whose compositions can depend on the applied magnetic field, 17 the small magnetization values may be also due to single-ion effects of the Dy III centers. As such, the dc data reveal both antiferromagnetic and ferromagnetic exchange interactions within the compound besides single-ion effects. The ac magnetic susceptibility data at zero bias field show slow relaxation for temperatures below 7.0 K, within the fre-quency limits of the employed experimental set-up (Fig. 2b) . Analyzing the in-phase χ′ m and out-of-phase χ′′ m components as a function of the applied frequency f in terms of a generalized Debye expression 18 yields least-squares fits which are depicted as solid lines in Fig. 2b and S5 (ESI †) . The distribution of relaxation times (α) suggests the existence of multiple relaxation pathways (α = 0.09-0.46, mean 0.25), and the semi-logarithmic representation of τ vs. T −1 indicates a monoexponential relation (Fig. 2c ). From this phenomenological perspective, the mono-exponential behavior reveals that the Orbach relaxation process clearly dominates the ac behavior within this temperature range (2.0-7.0 K). We therefore fit the data to a single Arrhenius expression τ = τ 0 exp[U eff /(k B T )] (k B : Boltzmann constant) in the range of 2.0-5.5 K yielding the attempt time τ 0 = (3.7 ± 0.3) × 10 −6 s and the effective energy barrier U eff = (8.3 ± 0.2) cm −1 representing a rather large Orbach relaxation time and a small effective energy barrier. 19 The magnetic properties of 2 are discussed in detail in the ESI. † The dc susceptibility data reveal antiferromagnetic and ferromagnetic exchange interactions within the compound besides single-ion effects. The magnetic ac data show slow magnetization relaxation for T ≤ 4.6 K characterized by an attempt time τ 0 = (7.5 ± 0.8) × 10 −6 s and an effective energy barrier U eff = (3.4 ± 0.2) cm −1 .
A comparison of the magnetic properties of 1 and 2 revealed by measurements down to 2 K shows an overall similar magnetic behavior although there are a few differences: 1 is characterized by more pronounced ferromagnetic exchange interactions than 2. Both compounds show slow relaxation at low temperatures, and both τ 0 and U eff differ by a factor of roughly 2.
Low temperature magnetization measurements were carried out on single crystals of 1 and 2 (see the ESI †). The magnetic field is applied parallel to the easy axis of magnetization by using the transverse field method. Open hysteresis loops were observed up to 1.6 K for 1 ( Fig. 3 ) and 1 K for 2 at a sweep rate of 0.14 T s −1 , suggesting that 1 has a slightly higher energy barrier as manifested in the ac data. The coercivity fields of the hysteresis loops increase with decreasing temperature and increasing field sweep rates, which is consistent with the phenomenon of superparamagnetic behavior, suggesting that both 1 and 2 behave as SMMs. No step-like feature associated with the occurrence of quantum tunneling of magnetization (QTM) was observed around zero field in the loops for these compounds, indicative of a broadened effect because of the presence of hyperfine coupling of the Tb III and Dy III ions and/or inter-and intramolecular interactions. The width of the loops of 2 around zero field is slightly broader than that of 1. This can be explained by the nature of the two different types of lanthanoid ions, Tb and Dy (integer spin vs. half-integer spinnon-Kramers vs. Kramers theorem of spin parity), providing that the direct relaxation process is faster for Tb than for Dy. Similar features were also reported in the hysteresis loops of DyPc 2 and TbPc 2 double-decker complexes where Pc is a phthalocyaninato ligand. 20 We attempted to extract the relaxation time τ at zero applied field from the decay measurements of the dc magnetization in the temperature range of 1.3-0.03 K. Due to the wide distribution of relaxation processes operative at very low temperatures which coexist with zero-field QTM, no reliable relaxation time could be obtained for both complexes (see the ESI †). The quantum relaxation time approaches toward about 10 s for 1 and 100 s for 2, confirming the slower zero-field quantum tunneling effect present in the Tb containing complex as indicated in the ac data.
In summary, the formation of quasi-isostructural SMMs 1 and 2 with a layer-like motif is likely induced by templating through cooperative hydrogen bonds of a central, linear triad of water molecules. The {Cr 6 Ln 14 (H 2 O) 3 } aggregates feature several unique structural aspects, from the µ 3 -binding mode of glycolate to an unprecedentedly low Cr : Ln 21 ratio of 3 : 7 (reported in CCDC: 1 : 1, 1 : 2, 2 : 3, 3 : 1 and 3 : 2 for Ln = Dy and Tb). The obtained 3d-4f SMMs are reminiscent of quantum-dot 'artificial molecules' exhibiting inter-dot coupling. 22 Moreover, the templating role of water resembles that in polyoxovanadate chemistry (see e.g. the archetypal spin-frustrated molecular magnet [H 2 O@V IV 15 As III 6 O 42 ] 6− ). 23 Given that the supramolecular aggregates are in principle susceptible to controlled de-aggregation, our next efforts aim at the understanding of the component-dependent dynamic processes inducing and controlling an exchange-biased quantum tunneling in such supramolecular SMM architectures. This work was supported by an ERC Starting Grant (MOLSPINTRON, 308051). K. Y. M. thanks the Excellence Initiative of the German federal and state governments for an RWTH Start-Up grant. Y. L. and W. W. acknowledge the EU for financial support within the FP7 FET-Proactive project MoQuaS N. 610449 and the Agence Nationale de la Recherche for project MolQuSpin, N. ANR-13-BS10. Fig. 3 Temperature dependence (left) and sweep rate dependence (right) of magnetization curves measured as a function of the applied magnetic field at a sweep rate of 0.14 T s −1 and at 0.03 K for compound 1. The magnetization is normalized to its saturation value M s at 1.4 T.
